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Abstract From the viewpoints of environmental protection, support for the aged and ensuring
the right to mobility, there is a need to develop a new type of mobility vehicle that provides more
eective transportation. The authors propose an inverted pendulum vehicle with pedals as one of
the forms of personal mobility vehicles (PMVs). In this paper, the steering performance of the
inverted pendulum vehicle with pedals is discussed based on experiments on a prototype. From
the experimental results, it was conrmed that the errors from the ve subjects for the target
trajectory and the ve-grade evaluation of the maneuverability were similar. Finally, we created
an inverted pendulum vehicle with pedals to which was added a reaction actuator for the steering
system. From the experimental results, it was found that setting appropriate feedback gains for
the handle steering angle and its rate of rotation, which control the right and left wheel driving
torques, resulted in greatly improved maneuverability. c 2013 The Chinese Society of Theoretical
and Applied Mechanics. [doi:10.1063/2.1301309]
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For environmental protection, support for the aged
and ensuring the right to mobility, there is a need for
a new type of mobility vehicle. The authors propose
a personal mobility vehicle (PMV) as a new form of
individual transportation which is smaller than an au-
tomobile but more eective than walking. One of the
forms of the proposed vehicle is the inverted pendulum
vehicle with pedals that combines human and electric
power.1
There have been many studies on transportation
machines, robots and vehicles based on the theory of
inverted pendulum. The logic for stabilization control
and trajectory tracking for inverted pendulum robots
was introduced by Pathak et al.2,3 An example is the
research on multiple inverted pendulum robots play-
ing soccer. Development and experiments on an in-
verted pendulum vehicle for people have also been car-
ried out.4,5 In particular, research on the interaction be-
tween the person and the vehicle has recently received
academic attention. For example, there is an inverted
pendulum vehicle considering human disturbance and
movement intentions.6 Another study concerns the roll
stability of the inverted pendulum vehicle by introduc-
ing the step that changes the posture of the vehicle in
the roll direction.7 These conventional inverted pendu-
lum vehicles use the driving power of an electric motor;8
The proposed inverted pendulum in this study, however,
uses the driving power of a pedaling mechanism which
has to be controlled to cooperate with electrical driving
power.9 This new approach requires the proposed vehi-
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Fig. 1. Inverted pendulum vehicle with pedals and the
steering system.
cle to eectively combine human and electric power by
generating electricity from pedaling and stabilizing the
posture of the vehicle. In recent research we conrmed
the stability of the inverted pendulum vehicle with ped-
als by numerical simulation and experiments using a
prototype vehicle. We have established that the vehicle
can move forward while maintaining an upright posture.
In this paper, its steering performance is investigated.
Figure 1 shows the prototype inverted pendulum vehicle
with pedals and a steering mechanism.
Figure 2 shows a schematic of the experimental ap-
paratus. A conventional driving system of the wheel
is combined with a steering system to which a current
command is sent to a servo amp from a digital signal
processor (DSP) that uses information on the pitch of
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the vehicle, and the rotation of the driving motor and
the pedals. In the steering system, the information on
the steering angle, steering torque and current of the
motor are obtained and the torque command is sent to
an electrical control unit (ECU) from the DSP, creat-
ing a steering reaction force as its output. According to
the steering angle of the handle, a corresponding drive
command is sent to the right and left wheels. Experi-
ments were carried out to study the performance of the
steering reaction actuator using the prototype vehicle.
In this paper, we consider the low speed movement
so that there is almost no movement along roll direc-
tion. Therefore the steering does not inuence the bal-
ance keeping. When we consider the vehicle with large
movement, introducing the roll direction control might
be necessary.
In the control of steering system, there are several
methods to consider the nonholonomic constraint.10,11
In this paper, we focus on the relationship between the
human handling torque and the turning characteristic of
the vehicle, especially from the dynamic point of view.
Several design concepts were considered for the
steering system design. For example, the goals for the
steering system design included mitigating the burden
on human steering, saving energy consumption and/or
decreasing the number of components such as sensors
and actuators. The proposed PMV adopted an inverted
pendulum vehicle mode at low speed and a bicycle mode
at high speed considering its dynamics and stability.
Therefore, in this study, the steering system was con-
structed to be as familiar as a bicycle and is compatible
with its driving mode.
First, the steering reaction torque of a bicycle was
investigated. Here, the linear model of a bicycle running
in a straight line was used.12 Figure 3 shows a schematic
view of the front steering system of the bicycle. The
front steering torque of the bicycle is given by
T'bs = Mgat (ccf + (1  ct) f) sin; (1)
whereM is the mass of the bicycle, g is gravity accelera-
tion, a is the ratio of the load for the front wheel against
total weight, t is the trail distance,  is the head angle,
cc is the cornering coecient and ct is the camber co-
ecient. f and f are the slip angle and camber angle
of the front wheel. They are expressed as
f = [vcf   (r cos  f)] _'s=V   's sin; (2)
f =  + 's cos; (3)
where vcf is the slip velocity at the ground point when
the front steering angle is 0, r is the radius of the wheel,
f is the oset and V is the velocity of the bicycle. As-
suming that the side slips of the front and rear wheels
are small in terms of the motion of the bicycle and con-
sidering the term only relates to front steering, vcf = 0.
In the case of the inverted pendulum vehicle with ped-
als, the roll angle  is assumed to be zero. The steer-
ing reaction torque is derived as follows by substituting
Eqs. (2) and (3) into Eq. (1)
T'
bs
= Mgatfcc [  (r cos  f) _'s=V   ' sin] +
(1  ct)'s cosg sin: (4)
Next, the relationship between the bicycle and the
inverted pendulum vehicle with pedals in terms of the
torque on the front steering system is derived. The
steering reaction torque input to the inverted pendu-
lum vehicle with pedals is
T'ps =
Ip
Ib
T'bs ; (5)
where Ib is the inertial moment of the front steering
mechanism of the bicycle and Ip is that of the inverted
pendulum vehicle with pedals. Substituting Eq. (4) into
Eq. (5), one has
T'ps = Kr's + Cr
1
V
_'s; (6)
where
Kr =
Ip
Ib
Mgat [(1  ct) cos  cc sin] sin; (7)
Cr =
Ip
Ib
Mgatcc (f   r cos) sin: (8)
From Eq. (6), it can be seen that the steering reaction
torque of the inverted pendulum vehicle with pedals
simulating the bicycle is proportional to the steering
angle and steering angle rate, and inversely proportional
to the velocity.
Next, the turning of the bicycle is analyzed using a
linear model. The following equation is obtained
Iyb  = Ff lf   Frlr; (9)
where Iyb is the inertial moment of the bicycle in the
yaw direction, and Ff , Fr are the side forces of the front
and rear wheels. Assuming the side slip is small, the side
force from the tire is regarded as proportional to the side
slip angle and the following equations are obtained
Ff =  Kff   Cff ; (10)
Fr =  Krr   Crr; (11)
where the coecients Kf and Kr are cornering reaction
torques, Cf and Cr are the camber thrust coecients
for the front and rear wheels. The turning torque of the
bicycle is derived as follows by substituting Eqs. (10)
and (11) into Eq. (9)
Iyb  = (Kf sin  Cf cos) lf's +
Kf (r cos  f) _'s=V: (12)
In the experiment for the inverted pendulum vehicle
with pedals, the roll angle  is 0. The turning torque of
the inverted pendulum vehicle with pedals is expressed
using the inertial moment around its yaw direction
T'pt = Iyp
 =
Iyp
Iyb
(Kf sin  Cf cos) lf's +
Iyp
Iyb
Kf (r cos  f) =V _'s: (13)
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Fig. 2. Schematic diagram of the experimental apparatus.
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Fig. 3. Front steering system schematic of the bicycle.
To enable the turning of inverted pendulum vehi-
cle with pedals, the driving torques for the right and
left wheel are appropriately input by adding the driv-
ing torques according to the turning command to the
straight running w. The driving torques for the right
and left wheels are expressed as follows
turn R = w   T'ps ; turn L = w + T'ps : (14)
The following equation is derived
T'pt = 2Flp = Kp's + Cp _'s; (15)
where F is the driving force for the right and left wheel
and lp is the distance between the center of gravity of
the vehicle and the position of the wheel. Here
Kp =
Iyp
Iyb
(Kf sin  Cf cos) lf ; (16)
Cp =
Iyp
Iyb
Kf (r cos  f) =V: (17)
From the above equations, the following equation is ob-
tained
F =
Kp
2lp
's +
Cp
2lp
_'s (18)
The right and left driving torque for the inverted pen-
dulum vehicle with pedals is expressed as follows
T'pt = Fr =
Kpr
2lp
's +
Cpr
2lp
_'s (19)
Therefore, the turning gain against the steering an-
gle and steering angle rate is derived as follows
Kt =
Kpr
2lp
; (20)
Cp =
Iyp
Iyb
Kf (r cos  f) =V: (21)
In the case of inverted pendulum vehicle which includes
turning on the spot, the expression using the bicycle
model was limited. So it was necessary to adjust the
turning gain in the experiment.
Throughout the above process, the original motion
of the inverted pendulum vehicle with pedals used the
steering dynamics of the bicycle as dened by Eqs. (6)
and (9).
The conditions for the steering control experiments
were set as follows. The driving command for straight
running was dened by the control command which pro-
vided a target pitch angle proportional to the pedaling
rotation rate. This method was derived from our previ-
ous experiments which showed that the driving motion
by the subjects was acceptable.13,14 The camber thrust
coecient Cr for the steering reaction torque Kr, and
Ct for the turning reaction torque Kt, were derived us-
ing the parameters for the 6 inch bicycle running at a
velocity of 1 m/s. In the experiment, Kr =  0:117 7
and Cr =  0:002 13, derived by calculation, were used
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Fig. 5. Steering angle (condition (2)).
for the gain for the steering reaction torque. In this
case, the damping ratio for the steering reaction system
became 0.16. For the turning gain, the maneuverability
was compared by setting several turning gains based on
Kt = 16:7 and Ct = 0:282 derived by calculation. Ini-
tially, Ct was set to zero and Kt was set to Kt, 10
 1 Kt,
10 2 Kt and 10 3 Kt. Then, using the gain Kt that re-
ceived the best evaluations, Ct was adjusted. From the
procedure above, the 6 experimental conditions were es-
tablished as shown in Table 1.
Figure 4 shows the test course for the turning exper-
iments. For the inverted pendulum vehicle with pedals,
one of the features is realizing a small radius turn which
is dicult for a bicycle. Therefore, the target course in
the experiments had small turning radii and lines. In
Fig. 6, the circle expresses the starting point and the
arrowed line is the goal. It describes a gure of eight.
The distance between the two crosses was 2 m. The
turning radius in the target course was 0.5 m.
The ve subjects, performed the tests in 20 s. They
practiced driving before the experiments. In the experi-
ments, they evaluated whether or not they could control
and drive the vehicle on the target course. The subjects
drove the vehicle twice for each of the conditions shown
in Table 1. They evaluated the vehicle's maneuverabil-
ity on a scale of one to ve. Figure 7 shows a picture
of the experiment. In the experimental area, to acquire
the data of the vehicle's trajectory, a 0.05 m wide tape
was placed parallel to the target trajectory. From the
measured data and the maneuverability evaluation by
the subjects, the maneuverability of the vehicle for each
condition was evaluated. In the experiment, a fence and
Table 1. Steering conditions for the turning experiments.
Condition (1) (2) (3) (4) (5) (6)
Kt 16.7 1.67 0.167 0.0167 0.167 0.167
Ct 0 0 0 0 0.282 0.141
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Fig. 6. Steering angle (condition (3)).
cushions were provided for protection against possible
accidents. The experiments were carried out under eth-
ical principles after explaining all possible dangers to
the subjects, conrming the subjects were willing, and
obtaining their consents.15
The experimental results for the conditions shown
in Table 1 are provided. For steering conditions (2),
(3), (4), (5) and (6), all the subjects successfully drove
to their goal without falling. For steering condition (1),
three out of ve subjects could not reach the goal twice
in the two trials because they slid o the track. The
other two subjects reached their goals without falling.
It was shown that the vehicle moves by keeping the pitch
angle within 0 to 2. It was shown that the pedal con-
tinuously rotates forward at a velocity of 0 to 120 /s.
It was also shown that the steering angle undergoes a
change within 10. It was conrmed that the steer-
ing reaction torque is input in the opposite direction to
the steering angle. This is one set of results for the ex-
periments but the same basic behavior was conrmed
for other conditions and other subjects when the vehi-
cle was driven by pedaling forward and turned by the
dierence in the rotation of the right and left wheels as
a function of the steering angle
Next, the steering angles for steering conditions (1)
to (6) were compared. It was found that for steering
conditions (1) and (2), the subjects steered the han-
dle well. Figure 5 shows the steering angle for steering
condition (2). It was considered that the turning gain
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Fig. 7. Steering angle (condition (4)).
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Fig. 8. Steering angle (condition (5)).
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Fig. 9. Steering angle (condition (6)).
was too large for the subject because he adjusted the
traveling direction by frequently changing the steering
angle. Figure 6 shows the steering angle for steering
condition (3). In this case the change in the steering
angle was less than for conditions (1) and (2). Figure 7
shows the steering angle for steering condition (4). In
this case, the steering angle reached 40, which is the
maximum possible against a mechanical stop. This im-
plies that the turning gain is too small so the subject
steers the handle as much as possible in an eort to
turn the vehicle. Figures 8 and 9 show the steering an-
gle for steering conditions (5) and (6). From the results
for steering conditions (5) and (6), it was found that
when the turning gain multiplying the steering angle
rate decreased, the steering angle increased.
Figure 10 shows the errors from the target trajec-
tory in the sideways direction. The value indicates the
average error of the subjects and the error bar indicates
the standard deviation. It was shown that the error for
steering condition (4) was the largest and for condition
(5) the smallest. In the evaluation by the subjects, a ve
scale evaluation was used and the larger value implied
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Fig. 10. Errors from the target trajectory.
that the subjects had good control of the vehicle. It
was shown that the evaluation was low for steering con-
ditions (1) and (4), and high for steering conditions (5)
and (6). It was found that these results corresponded
to the results of the errors from the target trajectory.
From the experiments, it was found that the in-
verted pendulum vehicle with pedals could be turned
by rotating the handle with stabilization of its posture
when pedaled. By introducing the steering reaction sys-
tem that is compatible to the bicycle mode and deriv-
ing the driving torque by an appropriate turning gain
which is multiplied by the steering angle and steering
angle rate, the maneuverability of the vehicle greatly
improved.
In this study, the steering performance of the in-
verted pendulum vehicle with pedals was evaluated.
The following conclusions are obtained.
(1) The inverted pendulum vehicle with pedals that
turns using the dierence in rotation of the right and
left wheels and has a steering reaction actuator was de-
veloped. The steering system was constructed by using
the dynamics of the steering system of a bicycle.
(2) In the experiments that include small radius
turning, it was conrmed that the subjects could drive
the inverted pendulum vehicle with pedals and turn in
the desired direction.
(3) From the experimental results, it was found that
the ve scale evaluations by the subjects had the same
tendency for errors in sideways movement when aiming
at the target trajectory.
(4) It was found that the method to determine the
driving torque for the right and left wheels achieved
high maneuverability when multiplying the appropriate
turning gains for the steering angle and steering angle
rate.
The adjustments of the steering reaction gains consider-
ing the roll eect for variable velocity conditions and system
designs are planned for future study. We also intend to in-
vestigate the stability and maneuverability of the PMV using
human power by applying a detailed human model.
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